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immunoreactivity in the ventricular myocardium and
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SUMMARY Atrial natriuretic peptide immunoreactivity was found in ventricular and atrial tissues
with specific antisera raised to the amino and carboxy terminal regions of the precursor molecule.
In 13 developing human hearts (7-24 weeks’ gestation) the immunoreactivity was concentrated in
the atrial myocardium and ventricular conduction system but it was also detected in the early fetal
ventricular myocardium. Immunoreactivity in five normal adults was largely confined to the atrial
myocardium although it was also found in the ventricular conduction tissues of hearts removed
from 10 patients who were undergoing cardiac transplantation. The ventricular conduction system
is an extra-atrial site for the synthesis of atrial natriuretic peptide. In the failing heart this synthesis
may be further supplemented by expression of the gene in the ventricular myocardium.

It is possible that ventricular production of the peptide contributes to the raised circulating
concentrations of atrial natriuretic peptide immunoreactivity found in severe congestive heart

disease, particularly in patients with dilated cardiomyopathy.

Cardiac expression of the gene for atrial natriuretic
peptide was originally thought to occur specifically in
the atrium because immunoreactivity was localised in
atrial myocytes of several mammals including man'?
and stored as the precursor molecule in secretory
vesicles.>® It has since been established, however,
that both atrial natriuretic peptide messenger ribon-
ucleic acid and immunoreactivity are also present in
ventricular tissues®® and cultures of ventricular
myocytes.’®'° Furthermore, the ventricular expres-
sion of the gene changes during development; the
concentration of atrial natriuretic peptide transcripts
(copies of messenger ribonucleic acid) and immuno-
reactivity was greater in fetal tissues than in adult
tissues.” ' 2 The localisation of ventricular immuno-
reactivity in the human heart has still to be estab-
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lished, but the subendocardial distribution of
immunostaining in rat'>"* and pig ventricles' has led
to the suggestion that the immunoreactivity may be
associated with the ventricular conduction system.
In patients with severe congestive heart disease
ventricular expression of the atrial natriuretic pep-
tide gene is augmented'’ and circulating concentra-
tions of immunoreactivity are increased.’*? But it is
not known whether the ventricular production of
peptide is widespread or localised” or whether itis a
feature common to the diseased heart or is associated
with specific conditions. With these questions in
mind, we used immunocytochemical techniques to
investigate the occurrence of atrial natriuretic pep-
tide immunoreactivity in the human conduction
system and ventricular myocardium and to examine
whether the pattern of distribution changes during
cardiac development and disease. We also compared
the localisation of ventricular immunoreactivity with
that of the general neuroendocrine marker protein
gene product 9-5% after initial findings indicated
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possible similarities in their distribution patterns of
the two substances in conduction tissues.

Patients and methods

Three different antisera (code no XA6, AT7, and
AG9) were raised to specific regions of the precursor
molecule of human atrial natriuretic peptide by
immunising rabbits with pure synthetic human pro-
atrial natriuretic peptide 1-16 (cardiodilatin 1-16,
Peninsula Laboratories Europe; antiserum XA6),
and atrial natriuretic peptide Tyr* 1—40 amino
terminal fragments (cardiodilatin Tyr" 1-40;
antiserum AT7), and the pro-atrial natriuretic pep-
tide 99-126 carboxy terminal fragment (a-atrial
natriuretic peptide 1-28; antiserum AG9). We injec-
ted the peptide fragments that were conjugated to
bovine serum albumin with glutaraldehyde or
unconjugated as previously described.’? We also
used additional antiserum (code no 1648) directed
against human protein gene product 9-5 (Ultraclone,
Cambridge) that has been previously characterised.?

Tissues were obtained from 13 human fetuses after
spontaneous or legal abortion (7-24 weeks’ gestation)
and at necropsy from five adults without cardiac or
pulmonary complications (3-15 hour delay after
death (table)). Samples of atrial and ventricular
septal and free walls were also obtained during
transplantation surgery from 10 patients with heart
and lung diseases (table). The tissues were dissected
so that the ventricular conduction system could be

Table Clinical features of patients whose hearts were
examined for atrial natriuretic peptide immunoreactivity

Patient Age H or Diagnosis or cause of
No Sex (yr) HJ|L death NYHA
Necropsy specimens
1 M 31 Road traffic accident
2 F 60 Hodgkin’s disease
3 F 7 Septicacmia
4 F 24 Asphyxia (hanging)
5 F 65 Glucagonoma
Cardiac transpli ton recip
1 M 17 H/L Failure of previous lung  IV*
transplant in patient
: with cystic fibrosis
2 F 2 H/L Tricuspid atresia 111
3 F 17mnth H  Dilated cardiomyopathy v
4 M 59 . H  Ischaemic heart disease 111
5 M 59 H Dilated cardiomyopathyt III
6 M 28 H  Adriamycin 111
cardiomyopathy
7 M 6 H/L Eisenmenger’s syndrome IV
8 F 28 H/L Idiopathic pulmonary v+
haemosiderosis
9 M 29 H/L Sarcoidosis v+
10 F 21 H/L Cystic fibrosis Iv*

Aty affocting the right side

i y affecting the right side.

H, heart transplant; H/L, heart and lung transplant; NYHA, New
York Heart Association.
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examined by sectioning mainly in the frontal plane
(at right angles to the atrioventricular septal junc-
tion**). The collection of the tissues used in this study
conformed to the ethical standards of the institutions
in which they were obtained.

Tissues were fixed by immersion for 16-24 hours
at 4°C in a modified Bouin’s solution containing
85 ml of 2%, (w/v) paraformaldehyde in 0-1 mol/l
phosphate buffer (pH 7-2) and 15 ml of saturated
picric acid per 100 ml of fixative. We rinsed the
tissues in several changes of phosphate buffered
saline (0-01 mol/l pH 7-2) containing 159, sucrose
and 0-19%, sodium azide and then processed them for
cryostat sectioning and indirect immunofluorescence
staining. Briefly, sections (15 um thick) were cut on a
Bright cryostat at —25°C, mounted on poly-L-lysine
coated slides, and air dried for an hour at room
temperature. They were then immersed in buffered
saline solution containing 0-29, Triton X-100 for 30
minutes, rinsed, stained with pontamine sky blue
(BDH chemicals, UK), and rinsed again. Sections
were subsequently incubated in primary antisera
(diluted 1:200-1:3200) for 16-24 hours at 4°C, rinsed
in buffered saline, and then incubated with fluores-
cein isothiocyanate labelled sheep anti-rabbit IgG
(diluted 1:100; Wellcome Diagnostics, UK). We
mounted the preparations in glycerol mixed in equal
parts with buffered saline and examined them with a
microscope (Olympus AH-2) equipped for epi-
illumination.

To facilitate the identification of conduction tis-
sues we cut additional sections for haematoxylin and
eosin staining and some immunofluorescence
preparations were also stained after photography.
Blocks containing ventricular conduction tissues
were cut sequentially so that the conduction system
could be followed from the atrioventricular node
through to the distal bundle branches. In control
experiments, we saw n« immunostaining for atrial
natriuretic peptide whez the primary antisera were
preabsorbed with their respective antigens (107°-
107° mol/1) for 24 hours at 4°C. Immunostaining for
protein gene product 9-5 was abolished by
preabsorption of the antiserum with the natural
human antigen (2 x 107" mol/l). There was no cross
reactivity between the amino (XA6, AT7) or carboxy
terminal (AG9) directed #ntisera and the carboxy (a-
atrial natriuretic peptide) and the amino terminal
(cardiodilatin) peptide sequences respectively. The
antisera also showed no cross reactivity with known
cardiovascular neuropeptides.

Results

The distribution of immunostaining for all three
antisera raised to the amino and carboxy terminal
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sequences of human pro-atrial natriuretic peptide 1-
126 was identical in both fetal and adult heart tissues.
The immunoreaction was generally more intense
with the antiserum (AT?7) raised to the larger amino
terminal cardiodilatin fragment (atrial natriuretic
-peptide Tyr* 1-40) but a characteristic perinuclear
concentration of immunoreactivity was seen with all
three antisera. There was strong immunoreactivity in
the fetal atrial myocardium and some immuno-
staining of the ventricular myocardium. Immuno-
staining of the ventricular walls was concentrated in
the subendocardial myocardium and least extensive
in the epicardial regions. In all the fetal hearts
immunoreactivity occurred in the subendocardial
left and right bundle branches (fig 1). Some cells in
the penetrating and branching bundle were also
immunoreactive. The intensity of the immunostain-
ing in the ventricular myocardium was less than in
other regions of the fetal heart and when increasing
dilutions of the primary antisera were tested it
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Fig 1 Photomicrographs of adjacent longitudinal sections through the interventricular septum (IVS) of a 9 week fetal
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disappeared at lower dilutions than in the conduction
system and atrial myocardium. The ventricular
myocardial immunoreaction was most prominent in
the fetal heart at 7-12 weeks’ gestation whereas by
18-24 weeks it seemed to be mainly localised in
subendocardial conducting cells. In contrast with the
ventricular conduction system, cells in the sinus and
atrioventricular nodes showed no immunostaining
(fig 2).

Unlike the fetal heart, there seemed to be little
expression of the atrial natriuretic peptide gene in
ventricular conduction tissues obtained at necropsy
from patients without cardiac or pulmonary com-
plications. These tissues showed either no reaction or
weak immunostaining that was confined to conduct-
ing bundle branches. Though the delay between
death and obtaining the tissues was short (3-15
hours), in at least some of these cases it is possible that
the apparent lack of immunostaining reflects a
postmortem loss of immunoreactivity. In contrast,

heart showing atrial natriuretic peptide immunoreactivity (b) in the branching bundle ( BB) and left bundle (LB).
Haematoxylin and eosin (a) and immunofluorescent staining (b). LV, left ventricle.
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Fig2 Photomicrographs of the same section of human fetal sinoatrial node (18 weeks’ gestation) and adjacent atrial
myocardium (M) showing intense atrial natriuretic peptide immunoreactivity (b). The node is clearly distinct Jfrom the
atrial myocardium and has a central artery (A). Section stained with haematoxylin and eosin (a) after the
immunostained preparation (b) was photographed. E, epicardium.

atrial natriuretic peptide immunoreactivity was
regularly shown in ventricular tissues obtained at
transplantation surgery. In these cases, the
immunoreactivity was present in subendocardial
elements of the conduction system. This localisation
often coincided with that of protein gene product 9-5
(fig 3) which was usually localised in intrinsic
neurones and cardiac nerves (rather than in conduc-
tion tissues) in the fetal heart and in tissues obtained
atnecropsy from patients without cardiac or pulmon-
ary complications.

As well as finding that the atrial natriuretic peptide
gene was expressed in ventricular conduction tissues,
we also saw immunoreactivity in the ventricular
myocardium of a patient (17 months of age) with
dilated cardiomyopathy and end stage ventricular
failure (table, case 3). Sheets of myocardial fibres
with perinuclear rings of atrial natriuretic peptide
immunoreactivity extended from the subendocar-
dium deep into the myocardium of the inter-
ventricular septum, left and right ventricle walls, and
papillary muscles (figs 4 and 5). We saw a gradient of

immunostaining, similar to that seen in the fetal
heart, across the ventricular wall, with positive fibres
concentrated in the subendocardial regions. In the
middle of the septum and in the free ventricular
walls, scattered immunoreactive myocardial fibres
were detected adjacent to interstitial regions contain-
ing small intramyocardial arteries. While the expres-
sion of the gene for atrial natriuretic peptide in the
ventricular myocardium was prominent in this case
of dilated cardiomyopathy it was not apparent in
patients (2-59 years of age) with ischaemic heart
disease, haemosiderosis, sarcoidosis, cystic fibrosis,
and other forms of cardiomyopathy; in these patients
immunoreactivity was only detected in ventricular
conduction tissues.

Discussion

The results show that atrial natriuretic peptide
immunoreactivity occurs in the ventricles of the
human heart both during fetal development and in
patients with diseases that eventually led to cardiac
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Fig3 Photomicrographs of adjacent sections of the interventricular septum (IV'S) in an adult heart obtained at
transplantation from a patient with cystic fibrosis (table, case no 10) showing the presence of both atrial natriuretic peptide
(a) and protein gene product 9-5 immunoreactivity (b) in cells of the left bundle (LB) at the top of the interventricular
septum. Protein gene product 9-5 immunoreactivity is also present in scattered nerve fibres in the bundle. E, endocardium of
left ventricle; A, arteriole.
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Fig4 Photomicrographs of the same section of left ventricular posterior wall from a transplant patient (table, case no 3)
with dilated cardiomyopathy. The photomicrographs are shown at two magnifications and show subendocardial myocardial
fibres with perinuclear rings of atrial natriuretic peptide immunoreactivity (b) dispersed in a dense fibrous tissue.
Haematoxylin and eosin (a).
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Fig5 Photonucrographs of the same section of left ventricular papillary muscle from a transplant patient (case no 3)
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shown at two magnifications and showing the presence of atrial natriuretic peptide immunoreactivity (b) in a continuous
sheet of parallel myocardial fibres. Haematoxylin and eosin (a). E, endocardium of left ventricle.

transplantation. It seems likely that the distribution
of the immunoreactivity reported here reflects that of
the precursor molecule (pro-atrial natriuretic pep-
tide 1-126), rather than the smaller a-natriuretic
peptide or cardiodilatin forms, since the antisera
used specifically recognised carboxy and amino ter-
minals of pro-atrial natriuretic peptide 1-126.
Furthermore, the precursor molecule is the
predominant molecular form found in extracts of
both ventricular and atrial tissues.’'°'? The
immunocytochemical findings indicate that there are
developmental changes in the regulation of the
expression of the atrial natriuretic peptide gene in
human ventricular tissues. The decline in the extent
. of the ventricular immunostaining from early fetal to
infant and adult life is similar to that reported for
atrial natriuretic peptide immunoreactivity and mes-
senger ribonucleic acid concentrations in tissue
extracts of both rat’!' and human ventricles.!?
Though the mechanisms regulating gene expression
in the ventricles are unknown it has been proposed
that the decline in transcription during fetal develop-
ment is related to the haemodynamic changes occur-
ring during the transition from fetal to extra-uterine
life together with the sensitivity of ventricular
myocytes to the perinatal decline in glucocorticoid
concentrations.”

Atrial natriuretic peptide immunoreactivity is con-
fined to characteristic secretory vesicles,' 24 but there
is little information on the occurence of such vesicles
in ventricular tissues. Vesicles were reported in
human?® and pig conduction tissues'® and scattered
vesicles were identified in hamster and rat ventricular
myocytes’? and these were immunoreactive.” The

paucity of vesicles in ventricular cells has led to the
proposal that there are two tissue specific secretory
pathways for atrial natriuretic peptide in the heart. In
the atria, natriuretic peptide is stored in numerous
secretory vesicles whereas ventricular myocytes are
thought to lack vesicles and secrete the peptide
rapidly after synthesis.”’” None the less, both
immunoreactivity and secretory vesicles were con-
siderably increased in the ventricular myocardium of
hamsters with cardiomyopathy and severe congestive
heart failure.” The ventricular expression of the
natriuretic peptide gene is also stimulated in the
hypertrophied and volume overloaded rat heart*®?
and in patients with severe congestive heart disease.!”
The immunocytochemical findings suggest that
initially the expression of the gene in the diseased
heart may be localised to conduction tissues, but in
the case of dilated cardiomyopathy it seems that
expression may become more widespread and
include the ventricular myocardium. The distribu-
tion pattern of immunostaining for natriuretic pep-
tide in the ventricular walls resembles that seen in
both animal models of heart disease® and in human
fetal hearts. These changes may indicate a persis-

. tence of or reversion to earlier fetal patterns of gene

expression and are comparable with those observed
for the cardiac myosin gene during development and
in diseased human hearts.**? On the other hand, the
appearance of protein gene product 9-5 immunoreac-
tivity in the ventricular conduction system is a novel
finding that seems to have no fetal counterpart. It is
of interest that a glycolytic isoenzyme, neurone
specific enolase, that is found in high concentration in
the nervous and neuroendocrine systems has also
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been detected in the adult human conduction sys-
tem.” The functional significance of the occurrence
of two distinct, so-called neuroendocrine marker
proteins™ in this tissue is not clear, but the localised
distribution pattern of the immunostaining indicates
a specific association with ventricular conduction
cells containing natriuretic peptide, that is not seen in
normal atrial and ventricular myocardium.

The localisation of immunoreactivity for atrial
natriuretic peptide in the human ventricular conduc-
tion system extends earlier observations in the rat'>"*
and pig heart'® and indicates that expression of the
natriuretic peptide gene may be a general feature of
the mammalian conduction system. A differential
distribution of immunoreactivity was seen in the
human fetal heart at mid-gestation and in the explan-
ted adult heart at transplantation, with immunoreac-
tivity being present in conduction cells rather than in
the atrioventricular node or ventricular myocardium.
This pattern of immunostaining is consistent with
the view that conducting fibres have a separate origin
from the atrioventricular node and ventricular
myocytes.” Circulating concentrations of atrial
natriuretic peptide immunoreactivity are highest in
the coronary sinus. This has also been shown to be
the main site of venous drainage from the interven-
tricular septum and conduction tissues.** While it is
possible that in the failing or hypertrophic heart the
ventricular production and release of the peptide
makes an important contribution to circulating con-
centrations, it seems doubtful whether the conduc-
tion system could have an endocrine role like that
proposed for the atria. We do not know whether the
atrial natriuretic peptide inflences impulse conduc-
tion in the heart, but its release does appear to be
modulated by changes in atrial®** and ventricular
rhythm.” In addition to serving a hormonal function,
the peptide could also act locally to influence the
contractility of the ventricular myocardium.®

We found atrial natriuretic peptide immunoreac-
tivity in the human ventricular conduction system
and myocardium as well as in atrial tissues. This
raises the question of whether the natriuretic peptide
should be described as “atrial” or “cardiac”.
Production of the peptide within the ventricles
depends on the stage of development. In the diseased
heart there seems to be persistence of or reversion to
patterns of atrial natriuretic peptide gene expression
seen in earlier fetal life.

Antisera to human a-atrial natriuretic peptide and
cardiodilatin sequences were produced in conjunc-
tion with Professor S R Bloom. We thank Mrs P
Harley for technical assistance. This work was sup-
ported by the British Heart Foundation.
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